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Ecological Hazards of MTBE Exposure:
A Research Agenda

Tina Carlsen, Linda Hall and David Rice
Lawrence Livermore National Laboratory

Introduction

Fuel oxygenates are used in metropolitan areas across the United States
in order to reduce the amount of carbon monoxide released into the
atmosphere during the winter.  The most commonly used fuel oxygenate is
Methyl tert-butyl ether (MTBE) (OSTP 1996).  Its widespread use has
resulted in releases into the environment.  To date there has been only
minimal effort to investigate ecological impacts caused by exposure to
concentrations of MTBE typically found in environmental media.  Research
into the potential for MTBE to adversely affect ecological receptors is
essential.  Acquisition of such baseline data is especially critical in light of
continuing inputs and potential accumulation of MTBE in environmental
media.

Assessing Ecological Impacts

Determining the potential for ecological damage as a consequence of
chemical releases into the environment is recognized as a critical
component of hazard assessment (Suter and Loar 1992, Carlsen 1996).
Indeed, several federal statutes (such as CERCLA, RCRA and FIFRA),
require the identification and mitigation of ecological impacts associated
with chemical releases into the environment.  As a result, a variety of
methods are available to estimate the ecological hazard from chemical
releases.  These methods range from the qualitative to quantitative
(Solomon 1996, USEPA 1992, Warren-Hicks et al. 1989).  Most of these
methods share some basic elements.  Typically, an evaluation of the
potential pathways in which ecological receptors can be exposed to the
chemical is conducted.  The groups of exposed organisms are identified and
the probable level of exposure determined.  Finally, the ecological
significance (if any) of this exposure is identified.  While this last step is the
most crucial, it is often the most difficult.  While demonstrating exposure of
an ecological receptor to a chemical is clearly necessary, it is not sufficient
to determine that an ecologically meaningful impact has occurred.

The exposure analysis will likely result in the identification of
numerous species which could potentially be exposed to chemicals released
into the environment.  It is often necessary to group the biota into major
ecological functional groups to simplify the initial exposure pathway
analysis.  Once the initial exposure pathway analysis is complete, specific
groups of organisms may be selected for in-depth hazard assessment.
Organisms selected for the detailed analysis are often considered “sentinel
organisms” (Suter, et al., 1987, Grizzle, et al., 1988, Rice et al., 1994).  When
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evaluating ecological exposure, it is necessary to identify or consider 1) the
organisms that are actually or potentially exposed and the exposure level, 2)
the significant routes of exposure, 3) the spatial and temporal scales of
exposure, and 4) the geophysical, physical and chemical properties that
could affect exposure.

To determine the ecological significance of exposure to a chemical, it is
necessary to select ecological endpoints to be examined.  Endpoints are
characteristics of an ecological component (such as fish mortality) that may
be affected by exposure to a stressor (Suter 1990, USEPA 1992).  It is useful to
distinguish between two types of endpoints, assessment endpoints and
measurement endpoints.  Assessment endpoints are explicit expressions of
the actual environmental values that are to be protected (USEPA 1992,
Warren-Hicks et al. 1989).  Measurement endpoints are the measurable
responses to a stressor that are related to the valued characteristics chosen
as the assessment endpoint (Suter 1990).  In some cases, measurement
endpoints and assessment endpoints are equivalent.

Although there are a number of ways to specifically define ecological
assessment endpoints, in general they should 1) be relevant to society, 2)
have biological or ecological relevance, 3) have an unambiguous operational
definition, 4) be measurable or predictable, 5) be susceptible to hazard, and
6) be logically related to the policy or remedial decisions.  In the context of
evaluating the ecological impacts of MTBE exposure, assessment endpoints
should be environmental characteristics that if significantly affected would
indicate the need for some type of action.  This action may include
reevaluating the current policy concerning MTBE use, and/or may point to
a need to remediate environmental media containing MTBE.

If endangered species are not involved, plants and animals are typically
not valued biologically as individuals, and therefore the assessment
endpoints are usually related to entire populations or communities
(Warren-Hicks et al. 1989, Moriarty 1983).  An example of a population-
based assessment endpoint would be “change in the abundance of aquatic
or amphibian populations”.  However, due to their rarity, individual
members of endangered species are considered essential to the survival of
the species.  In this case assessment endpoints related to individuals are
appropriate.  “Increase in mortality or decrease in reproductive potential of
individual San Joaquin kit fox” is an example of an appropriate assessment
endpoint in this case.

As mentioned above, measurement endpoints are a quantitative
expression of an observed or measured effect of a stressor that is related to
the valued characteristic chosen as the assessment endpoint.
Measurement endpoints should have specific characteristics, depending on
the problem at hand.  Most importantly, measurement endpoints should 1)
correspond to or be predictive of an assessment endpoint, 2) be readily
measured, 3) be appropriate for the scale of the problem, 4) be appropriate to
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the exposure pathway, 5) be appropriate to temporal dynamics, 6) have low
natural variability, and 7) be diagnostic of the contaminant of interest.

Continuing with the two examples given for assessment endpoints,
corresponding measurement endpoints might include “reduced number of
fish eggs hatching” and “fewer pups per litter for individual San Joaquin
kit fox”.  These measurement endpoints clearly relate to the assessment
endpoints.  However, such measurement endpoints can require
maintaining large lab populations for a significant length of time or
conducting lengthy field studies.  Recent research has focused on
identifying biochemical changes which are precursors to reduced
reproductive success.  Examples include binding affinity to estrogen
receptors and induction of the mixed-function oxidase (MFO) enzyme
system.  However, care must be taken when using such biochemical
measurement endpoints to show that they directly tie to the assessment
endpoint.

Potential Ecological Impacts of MTBE

MTBE can be introduced into the environment during all phases of the
petroleum fuel cycle (Squillace, et al., 1996).  However, releases from point
source spills and from dispersed atmospheric sources resulting from the
use of oxygenated fuels likely comprise the major contribution of MTBE to
the environment (OSTP 1996).  Point source spills can result in MTBE in
surface soil, surface water, subsurface soil and ground water.  MTBE has
been detected in storm-water samples at concentrations up to 8.7 µg/L, and
in surface water samples at ten California lakes used for drinking water,
ranging from 1 to 25 µg/L and  more recently at 88 µg/L in Lake Shasta,
California.  MTBE has been detected in ground water at concentrations up
to 23 mg/L (OSTP 1996) and more recently in Santa Monica drinking water
supply wells in excess of 500 µg/L.  Use of oxygenated fuels result primarily
in atmospheric emissions of MTBE.  Median concentrations of MTBE in
ambient air range from 0.13 to 4.6 ppbv/v.  These atmospheric emissions
also contribute to surface water concentrations of MTBE through rain-out.
There are very limited data on the concentrations and spatial and temporal
distributions of MTBE in surface water, ground water and air (Delzer, et
al., 1996; OSTP 1996; Squillace, et al., 1996), and no data has been found on
surface or subsurface soil concentrations of MTBE.  However, MTBE does
not adsorb to soil organic matter very well, so retardation is minimal
(Delzer, et al., 1996).  This would suggest that MTBE soil concentrations
would be close to zero (Davidson 1996).

Due to the large quantities in use (6.2 billion kg in 1994, OSTP 1996),
MTBE has the potential to occur in most environmental media.  As a result,
there are a number of ecological receptors which could be exposed to MTBE.
The presence of MTBE in surface water may result in exposures of aquatic
life.  Terrestrial biota may be exposed due to the presence of MTBE in
surface water, soil and air.  
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Marine biota may be exposed due to bulk tanker spills and sewage outfall
releases and the potential for marine impacts is significant.  MTBE is
manufactured from methane derived from natural gas.  Since natural gas
supplies are limited in the United States (US), MTBE is produced outside
the US and shipped in bulk to coastal US ports.  The behavior, fate and
impact of MTBE in the marine environment resulting from a tanker
accident is unknown.

Potential environmental exposure pathways may include:

• Direct exposure to and ingestion of MTBE by marine, aquatic and
terrestrial wildlife

• Uptake, accumulation, and transpiration of MTBE by marine,
aquatic and terrestrial plants

• Inhalation of MTBE by terrestrial wildlife

In addition, any bioaccumulation or bioconcentration of MTBE could
substantially increase the amount of MTBE plants and animals are exposed
to beyond that indicated simply by MTBE concentrations in environmental
media.

Environmental Chemistry of MTBE in relation to Bioaccumulation/
Bioconcentration through the Food chain

Environmental contaminants that pose a risk to biota are typically
ubiquitous, persistent, and often have properties that favor bioaccumulation
and transfer between species.  MTBE is becoming a ubiquitous
environmental contaminant, due to the magnitude of material released and
to its persistence in the terrestrial environment.  MTBE is notably resistant
to degradation in soil and water; it does not sorb significantly to soils, and
tends to move readily in surface and ground water (Squillace, et al., 1996).
MTBE thus has the potential to migrate widely in the environment, and to
come in contact with vulnerable organisms.

Although the majority of MTBE released is emitted into the atmosphere,
MTBE’s physical properties cause it to partition into, and remain in, water.  
Once in water, MTBE is relatively soluble (solubility ~ 50,000 mg/L),
suggesting the potential for accumulation as inputs continue over time
(OSTP 1996).  MTBE is also moderately lipophilic (log octanol water
partition coefficient, Kow, of 1.2), a property which is generally predictive of
a chemical’s ability to accumulate in biota (OSTP 1996; Mackay 1991).
However, no data exist which characterize MTBE’s potential for
bioaccumulation or bioconcentration in aquatic (or other) species, or which
characterize MTBE’s potential for transfer and/or bioconcentration through
the food chain.

Organisms Potentially Exposed to MTBE
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Aquatic Organisms

MTBE’s chemical properties indicate that MTBE has the potential to
accumulate in surface waters, and in the aquatic organisms which inhabit
them.  Thus, there is the possibility of uptake and accumulation of MTBE by
aquatic organisms and in species that rely on them as a food source.
Studies to characterize the tendency of MTBE to accumulate and
concentrate in aquatic organisms should be initiated.  If these studies
indicate that MTBE can accumulate in biota, subsequent studies of food
chain transfer would be justified.

Similarly, there is a complete absence of information on the toxic effects
of long-term exposure to MTBE of aquatic or other organisms (and only
minimal acute toxicity data), even though the concentration at which
chronic toxicity occurs is often substantially below that associated with
acute effects.  The National Research Counsel concluded that the impact of
MTBE and other fuel oxygenates on aquatic life is poorly understood (NRC
1996).  The NRC states, "Although acute-toxicity assays have been
performed on several important species, chronic-toxicity data are lacking.
Without chronic-toxicity data, it is not possible to determine whether
important aquatic biota might be impaired by exposure to MTBE".  Long-
term exposure to environmental concentrations of MTBE correspond to the
type of exposures typical of those potentially sustained by aquatic
organisms, and suggest that studies to characterize chronic effects of
MTBE in a variety of aquatic organisms should be given priority.

Terrestrial Organisms

Terrestrial organisms may appear to have a reduced potential for
exposure to MTBE compared to aquatic species due to their terrestrial
habitat.  However, the exposure analysis for terrestrial organisms is
complicated due to the presence of multiple exposure pathways.  MTBE
present in soil as a result of point-source spills, rain washout or
atmospheric deposition can partition into soil-pore water, and thus be
available for plant uptake.  In addition, plant uptake may occur as a result
of atmospheric deposition onto leaf surfaces (McKone and Daniels, 1991).
The moderately lipophilic MTBE has the potential to accumulate in plant
tissues.  There are no data available on the toxicity of MTBE to plants.

Besides the potential for direct impacts to plant populations, MTBE
accumulation in plants could be transferred to upper trophic level species
through the food chain.  As already discussed, there are no data available to
assess the potential for food chain transfers of MTBE.  In addition,
terrestrial wildlife could also be exposed to MTBE from soil through direct
ingestion.  Most food sources for wildlife will have soil residue.  In addition,
some wildlife species, most notably deer, are known to directly ingest soil
(Arthur and Alldredge 1979, Beyer et al. 1991).  Wildlife can also directly
ingest MTBE through consumption of surface water.
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Finally, wildlife could also be exposed to MTBE through inhalation of
both surface and subsurface air.  Many terrestrial animals are fossorial
(burrowing), and spend a significant amount of time in subsurface
burrows.  Burrows in areas with MTBE present in the soil could result in
significant levels of MTBE in the air of subsurface burrows.  Inhalation of
contaminated subsurface burrow air can be a significant exposure pathway
(Carlsen 1996), and could result in accumulation of MTBE in the exposed
animal.

As with aquatic life, data on MTBE toxicity on terrestrial wildlife is
lacking.  Acute toxicity data on laboratory mammals (most commonly rats
and mice) are available (RTI 1994; Broghoff, et al, 1996), and indicate no
reproductive or developmental effects.  While this suggests the potential for
ecological impact on rodents from acute MTBE exposure to be low, no
conclusion can be drawn concerning chronic exposures to mammals or
other species.

Because of the paucity of data, investigations into the level of exposure of
terrestrial plants and animals to MTBE should be conducted.  I n
conjunction, research should be conducted to determine the ability of MTBE
to accumulate in and transfer between terrestrial organisms.  Finally,
studies to characterize the effects of chronic MTBE exposure to a variety of
terrestrial organisms should be carried out.

Potential Ecological Endpoints

An obvious measurement endpoint for the ecological impact of MTBE
exposure on both aquatic and terrestrial organisms is impairment of
reproduction.  This measurement endpoint can be directly related to
reductions in populations (an important assessment endpoint)(Spies, et al.,
1988a; Spies and Rice, 1988).  In aquatic organisms, acute exposure of
adults to various exogenous chemicals is defined as those impacts to
metabolic systems resulting in death, often within 2-3 days.  During
chronic exposures, environmental concentrations that may result in no
noticeable physical changes in adults may result in reproductive
impairment and ultimately in reductions in populations.  For MTBE, these
reproductive impairments may occur through several mechanisms.

One mechanism is through disruption of endocrine systems.
Reproductive dysfunction in wildlife and humans has been linked with
increasing frequency to endocrine-disrupting environmental
contaminants.  Among the endocrine-disrupting chemicals identified to
date are a structurally diverse group of substances which bind to the
estrogen receptor and elicit estrogen-mediated biological responses.  The
estrogen receptor, characterized in hepatic and reproductive tissues from a
number of species, is closely conserved in vertebrates (Padkel et al. 1992,
Le Dréan et al. 1995).  Chemicals that act via biologically-shared
mechanisms of toxicity that affect the reproductive system have
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considerable potential to impact individuals and populations of multiple
species.  Estrogen agonists and antagonists have in fact been identified as
reproductive toxins in a variety of species.  

Studies to characterize the binding affinity of MTBE for the estrogen
receptor should be initiated as a critical component of any hazard
assessment of MTBE.  If evidence of estrogen receptor binding is observed,
then additional studies are warranted to determine whether the receptor
binding is associated with induction or inhibition of transcription of
estrogen-responsive genes.

The early life history stages of many species have been shown to be very
sensitive to exogenous chemicals.  Low environmental concentrations of a
variety of compounds have been shown to impair embryogenesis.  I n
aquatic species, developing embryos often utilize lipid yolk as a nutrient
source.  As an ether, MTBE can be expected to be very lipid soluble.  If
MTBE or its metabolites are dissolved in egg yolk lipids, they may disrupt
the orderly formation of embryonic cells and result in deformed progeny
and reduced spawning success.

Dilute concentrations of a recalcitrant lipophilic compound, such as
MTBE, may also induce microsomal oxidases that influence hormonal
regulation.  MTBE itself may not act to induce these isozymes, but metabolic
by products such as tert-butyl-alcohol have been shown to be inducers
(Broghoff, et al., 1996).  In vertebrates, mixed-function oxidase (MFO)
enzyme systems regulate steroid concentrations within the body.  Some
xenobiotic compounds also induce their own metabolism or that of related
compounds by stimulating production of MFO enzymes.  In this regard,
MFO enzymes play a detoxification role.

If an aquatic vertebrate, such as a female fish, is chronically exposed to
low concentrations of MTBE during preparation for spawning, internal
feed-back mechanisms may be disrupted.  During normal spawning, MFO
activity is suppressed to allow hormones such as estrogen to accumulate in
the body and trigger egg development.  If at the same time, exposure to an
MFO-inducing MTBE metabolite is occurring, then MFO suppression may
not occur.  The result is a disruption of egg development and reduced
spawning success (Spies, et al, 1988: Spies and Rice, 1988).

Summary of Research Needs

A multi-disciplinary approach is necessary to adequately assess the
potential ecological hazard associated with MTBE exposure.  A lead
organization should be selected to coordinate the research effort and ensure
that the research is conducted in accordance with identified priorities.  The
lead organization may also conduct a portion of the identified research, but
this is not required.  Research components should be focused to fill the
following data gaps:
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• Better identify and quantify exposure pathways and exposed
populations, along with determining actual exposure levels and
tissue concentrations (if appropriate) in aquatic and terrestrial
organisms

• Determine the ability of MTBE to bioaccumulate/bioconcentrate in
aquatic and terrestrial organisms

• Determine the chronic toxicity of MTBE in aquatic and terrestrial
organisms, with particular emphasis on reproductive impairment
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